for as much as 98 % of the total nitrogen appearing in the urine (12, 13) . It is freely filtered by the glomeruli of ophidian kidneys (2) and, since the clearance of urate consistently exceeds that of inulin (6, 7, Y) , it must be secreted by the renal tubules. Moreover, a previous stop-flow study on unanesthetized water snakes (6) suggested that tubular secretion occurred along the entire nephron with a possible peak in the proximal region. This study revealed no evidence of net reabsorption along the nephron.
It has been possible to evaluate some factors involved in urate transport in snake kidneys by the use of kidney slices (8, y>. However, the slice technique permits evaluation of transport at only the peritubular membrane.
To evaluate the steps in urate transport across the tubular epithelium directly, we have studied the secretion of uric-2-14C acid by isolated, perfused snake proximal tubules. We have measured peritubular, cellular, and luminal concentrations of urate during these experiments.
The results indicate that: I) urate is secreted against a concentration gradient by the snake proximal tubules; 2) secretion probably occurs by active transport of urate into the cells across the peritubular membrane and subsequent diffusion into the lumen; 3) active transport into the cells may depend, in part, on perfusion of the tubules; and 4) net secretion varies with flow rate and this results from significant backdiffusion which may occur between cells. The permeabilities of the luminal membrane and the whole epithelium were calculated from net secretion and efflux data and the results are discussed in relation to a proposed transport model.
METHODS
Animals and dissection of tubules. Garter snakes (Thamnophis spp.) of both sexes, weighing 25-75 g (average weight: about 35 g), were obtained from commercial suppliers in Wisconsin and North Carolina. They were maintained in glass aquaria at 25 & 2 C and fed a diet of raw fish. The animals were killed by decapitation without prior anesthesia or administration of any drugs. The kidneys were removed immediately after decapitation and placed in a chilled dish of oxygenated Ringer solution (see below for composition of the Ringer solution).
Single lobules were separated from the kidneys and transferred to another dish of oxygenated Ringer at room temperature. Using fine forceps and steel needles and working with a stereomicroscope at X25-63 magnification, we dissected the proximal tubules free without the use of collagenase or other enzymatic agents. It was frequently possible to free large segments of the proximal tubule with the glomerulus attached ( Fig. 1) . The segments perfused varied in length from 1.0 to 2.6 mm (1.6 & 0.43; mean & SD) . The mean length of the whole proximal tubule, determined in preliminary experiments with macerated tissue, is 4.5 =t 1.62 mm (mean & SD of measurements of 3 1 tubules). Ringer composition.
The composition of the Ringer medium used for dissection and for perfusing and bathing the tissue was the same as that used in earlier studies with snake kidney slices (8, 9). The basic Ringer medium contained, in millimoles per liter: NaCl, 126; KCl, 3.0; NaHCO3, 24.0; NaHPO4, 0.72; MgSO4, 1.2; CaC12, 1.8. The medium was bubbled continuously with a 95 % 02-5 % CO2 gas mixture and the pH was maintained at 7.4. Since previous studies with snake kidney slices (8, 9) had indicated that the addition of possible exogenous energy sources, such as acetate, had no effect on urate accumulation, no such exogenous energy sources were used in the present series of experiments.
In the later experiments, 4 g/100 ml dextran (mol wt 40,000 -+. 3,000) were added to the outside bathing medium to approximate the plasma protein concentration of thcsc snakes (11).
The results of these perfusion cxperimcnts did not dii%r from those of the cspcriments without dcxtran in the bathing medium and the results were pooled. Measurement of tubule ruuter content. Water content of the tubules was determined by the method of Burg ct al. (3) by incubating them for 1 hr in Ringer containing tritiatcd water (THO, 100 pc/ml). Each tubule was then ';mcubated for an additional 30 see in Ringer containing inulincarboxyl-'"C (1 pc/ml) (New England Nuclear Corp.; specific activity (SA): 2.72 pc/mg), as well as THO under mineral oil. The tubule was then pulled from this drop with a fine glass necdlc through the mineral oil and into 10 ~1 of 0.75 N HNO:$. After 1 hr of extraction the tubule was rcmovcd, washed in chloroform, dried, and weighed on a quartz-fiber fish-pole ultramicrobalance (1) . Since the relative humidity in the laboratory was always less than 20 ";, the tubules could bc dried very rapidly to a constant weight in room air. Control cxpcrimcnts showed that some loss in dry weight results from extraction in HN03 and washing with chloroform, and the calculations were corrected for this. The 10 ~1 of I-INOI extract were then added to 10 1x11 of scintillation fluid for radioactive counting. The mcasurcmcnts of the tubule water content were corrcctcd individually for any cxtracellular water by the inulin-carboxylJ4C determinations. The water content of the tubules was found to bc 77.9 f 1.39 ';A (15) of the original tubule weight or 3.52 times the dry weight of the tubule.
pipet with tip diamctcrs appropriate to the outside ancl inside diameters of each tubule wcrc sclccted. The outside diameter of the tubules, mcasurcd during perfusion with an ocular micromctcr, varied from 40 to 80 p with a mean of about 55 p (55.6 St 10.0; mean f SD). The mean inside diameter measured at the same time was 27.5 f 5. I p (mean f SD). During perfusion, the bathing chamber was bubbled continuously with 95 7; 02-5 C; CO? and the tcnmeraturc was maintained at 25 rrt 2 C.
1; most experiments dcsigncd to study the secretion of urate by the perfused tubules, uric-2-'"C acid (Amershanl/ Scarle Corp.; SA: 52-55 mc/mmolc) was added to the bathina medium in a concentration of 2 X lo-" M. In SOIIIC experiments, this ronrcntration in the bath was incrcascd or decreased in order to study the possible saturation of 111~ transport process. In these experiments, the bath WI'; I Perjusion of tubules. The tubules were perfused in vitro by a technique essentially the same as that first described by Burg ct al. (3) . The disscctcd tubule was transferred in a drop of Ringer solution to a special Lucite bathing chamber, containing 2 ml Ringer, and viewed through a stereomicroscope (X 16-100). The two ends of the tubule were held between glass micropipets and perfused through an inner micropipct (Fig. 2) . The tubule was sealed into the collecting pipct with Sylgard 184 (Dow Corning Corporation) (4). Outer holding pipets and an inner perfusion changed completely for each new concentration. Incrcascs and decreases in urate concentration were alternatccl randomly during each cspcrimcnt and the initial concentration was repeated at the end of each experiment. No uratc \vas prcscnt initially in the pcrfusatc during the urate sccrction studies. After 20 min of equilibration time, the perfusatc that had accumulated in the collection pipet was discarded and the experiment was begun. Collection periods wcrc gcncrally lo-20 min in length. The flow rate through the tubules varied from about 0.08 to 7 nl/min in different cxpcrimcnts. The single-nephron glomcrular filtration rate for one 66-g garter snake was rcportcd to bc about 5.6 nl/min. (2). It may be somewhat less for most of the smaller animals used in this study. Thus, this range of perfusion rates SCCI~S reasonable. In studies to detcrtninc the effect of flow rate on net secretion, perfusion rate was varied randomly in the same tubule. The volu~nc of collcctcd fluid was measurccl with a prccalibrated constant-bore capillary (46.4 f 0.65 p id; mean f SE) (Fig. 2 ). The collected fluid was then added to 10 ml of scintillation fluid for radioactive counting. A satnple of the bathing medium was collected for counting after every two collection periods.
In a few secretion studies, probcnerid in a concentration of 1.62 X lo-" M was added to the bathing medium containing 2 X lo-" M uratc after three to four control collections. After 20 min of equilibration, one to three subsequent collections were made. This high concentration of probenecid was used because previous studies (9) with snake kidney slices indicated that it might require as .much as 1,000 times the uratc concentration to get complete inhibition of uratc transport and that nearly 100 times the ron-centration of urate might be needed to get any significant inhibition.
Tissue w-ate. In secre tion studies in which the tissue concentration of urate was determined, the procedure for recovering tubules with a minimum of contamination by bathing medium and luminal fluid was similar to that described previously by Burg and his colleagues (5, 17). The perfusion pipet was prefilled with mineral oil stained with Sudan black B. A volume of Ringer solution sufficient to allow at least 60 min of perfusion time was then sucked into the pipet, displacing the oil. Secretion studies were then performed as described above. Samples were collected in the usual fashion until the volume of Ringer in the perfusion pipet was exhausted and the tubule lumen filled with oil. Then the micromanipulator holding the perfusion pipets was rapidly elevated with suction maintained to hold the tubule in place. This pulled the tubule free from the collecting pipet and rapidly through the surface of the bathing medium.
This helped to eliminate any important contamination from the bath or tubule fluid. The tip of the perfusion pipet, still holding the tubule, was then rapidly immersed in a dish containing immersion oil (Cargille type A). The time that elapsed between the filling of the tubule lumen with oil and the immersion of the whole tubule in oil was always less than 30 sec. The tubule was then pulled free of the perfusion pipet under oil with a glass needle. Rapid immersion of the pipet with tubule attached in oil kept the tubule from drying out, permitted easier removal of the tubule from the pipet, and helped remove any possible contamination from the bath. The tubule was transferred on the glass needle to a drop of 10 ,ul of 3 % trichloracetic acid under oil to precipitate tissue protein and extract the urate. After 1 hr of extraction the tubule was removed and the trichloracetic acid containing the extracted urate was added to 10 ml of scintillation fluid for counting.
Preliminary studies showed that this procedure extracted all of the 14C-labeled urate from the tissue. The tubule was then placed in chloroform for 1 hr to extract the oil. Finally the tissue was dried and weighed on the quartz-fiber ultramicrobalance. The final dry weight was multiplied by 1.249 to correct for weight loss that occurred during the trichloracetic acid and chloroform extractions.
This factor was obtained from a series of non-oil-filled tubules that were weighed before and after the same extraction procedure. The tissue water was calculated as 3.52 times the corrected dry weight (see above). A correction was also made by subtracting that fraction of the tubule length that was contained in the holding pipets.
EJux of w-ate. added to the perfusion fluid were used to check for leaks. Leaking tubules were discarded. Tubules were perfused at flow rates varying from about 0.5 to 6 nl/min.
In studies to determine the effect of flow rate on net efflux, the perfusion rate was varied randomly in the same tubule. At the end of each collection period the entire 2 ml of bathing medium was counted to determine the amount of 14C-labeled urate that had been lost from the lumen. In these experiments, the perfusion pipet was also prefilled with mineral oil and the tissue urate concentration was determined in the same fashion as outlined above for the secretion studies.
L@ake of w-ate by nonperfused tubules. Proximal convoluted tubules were teased from fresh tissue as described above. Five such tubules were then incubated together for 120 min in a bath of Ringer continuously gassed with 95 % 02-5 %I CO2 at 25 =t 2 C. This time period was chosen because it represented the time for a steady state to be reached for urate uptake by snake kidney slices (8). The concentration of 14C-labeled urate in the bathing medium was 2 X 10e5 M. Extraction and counting of the radioactivity and weighing of the tubules were done as outlined above for perfused tubules.
Analytical methods. The ratio of the concentration of urate in the collected tubular fluid to that in the bath (urate TF/B ratio) was greater than 1.0 over this range of flow rates and was as high as 10 in some tubules. The urate TF/B ratios tended to vary inversely with the flow rate (Figs. 3 and 8) , but averaged over 2.0 at all flow rates studied (2.12 =t 0.19; mean =t SE for 25 tubules).
The net secretion of urate varied with flow rate. This can be seen for a single tubule in Fig. 4 . The data show that urate secretion and flow are related linearlv over a ZO-fold change in flow rate. The same general relationship can be seen for all tubules in which flow rate was altered (Fig. 5) (Fig. 7) . As the concentration in the bath increased further, urate secretion increased less rapidly, indicating that the transport system was becoming saturated. However, a maximum rate of transport was not reached even with a concentration of 40 X 10H5 M urate in the bath (Fig. 7) . Thus, the bath urate concentration (2 X 10e5 M) at which all other secretion studies were carried out was well below that required for a maximum rate of transport. Because of the large quantities of isotope required for studies at a urate concentration of 40 X low5 M, experiments were not performed at higher concentrations. In each tubule in which tissue urate was measured, the concentration of urate during secretion was greater in the tubule cells than in the tubular fluid (Fig. 8) . Moreover, the mean cellular urate concentration from all these tubules was significantly greater (0.005 < P < 0.01) than the mean luminal urate concentration in these tubules (Fig. 11) . These results are consistent with the movement of urate from cell to tubule lumen by a process of simple diffusion.
U-ate eflux from lumen. The relationship between flow rate and net urate secretion suggested that backdiffusion of urate from tubular fluid to bath must be significant. This was examined in six proximal tubules perfused with fluid containing 4 X 10-j hl urate at rates varying from about 0.5 to 6 nl/min.
Urate was absent from the bath initially. The flux from tubule lumen to bath decreased with increasing flow rate (Fig. 9) . At rates of about 0.5 nl/min, the flux from tubule lumen to bath (Fig. 9 ) was more than 5 times the average net secretion of urate observed at this rate (Fig. 5) . At rates above 3 nl/min, the efflux (Fig. 9 ) was only one-third or less of the average net secretion observed at these rates (Fig. 5) (Fig. 8) . 'The mean value for PL was 7.54 & 2.6 1 X 10e6 cm se@ (mean II= SE for nine tubules).
The loss of urate from the tubule lumen during the efflux studies made it unfeasible to calculate the permeabilitv coefficient from the concentration difference across the tubule wall. Therefore, the transepithelial permeability was calculated from the efflux data using a rearrangement of the following equation derived by Renkin (14) for the extraction of a substance flowing through a tube:
This equation was originally derived for the extraction of a substance flowing through a small blood vessel, but it is equally applicable to extraction of a substance flowing through a perfused renal tubule. Moreover, Sonnenberg, Oelert, and Baumann (15) membrane to tion to calculate transepithelial permeability in microperfused rat proximal tubules. Equation 2 relates the fraction of the substance entering the tubule (in this case urate) extracted per unit length of tubule perfused (E) to the permeability of the epithelium (P), the surface area of the luminal membrane per unit length (AL), and the volume flow through the tubule (Q). This equation can then be rearranged to give the following form :
Using equation 3, we found that the mean value for the transepithelial permeability for the six tubules studied was 11.84 =t 2.05 X 10W6 cm set-l (mean II= SE)? This is somewhat higher than the value calculated for the luminal membrane alone, but the difference between the two values is not statistically significant (0.20 < P < 0.25). Uptake of w-ate by nonperfused tubules. To determine if the transport at the peritubuiar membrane was influenced by perfusion, we studied the uptake of urate by nonperfused tubules in which the lumen was collapsed. The steadystate tissue urate concentration in 10 nonperfused proximal tubules was less than twice the bath concentration (1.94 rt 0.23; mean IIZ SE). This is significantly less (0.001 < P < 0.005) than the average urate cell/bath concentration ratio (6.09 ZII 1.18; mean I!= SE for nine tubules) observed in perfused tubules.
DISCUSSION
During secretion of urate by isolated perfused snake proximal tubules, the concentration of urate in the tissue is consistently greater than that in the bath and tubular fluid. The urate enters the lumen from the cells down a concentration gradient. These findings are consistent with the model for urate secretion shown in Fig. 11 . In this model, urate is actively transported into the cells across the peritubular membrane and then diffuses down a concentration gradient into the tubular lumen. To this point, this model for urate secretion by snake proximal tubules is the same as that proposed by Tune, Burg, and Patlak (17) for PAH secretion by rabbit proximal tubules. In these urate secretion studies, we have assumed that the urate recovered from the tissue is unbound and in free solution in the cell water. This assumption is supported by the measurements of tissue urate concentration made during efflux studies. During these studies, the concentration of urate in the tissue was only 20 70 of that in the perfusion fluid. More than 50 times the amount of urate in the tissue crossed the tubular epithelium during these studies. Even if a significant fraction of this urate moved between the r In using equations 2 and 3, we assumed that there was no urate present in the bath during the efflux. Of course, some urate entered the bath during the efflux studies, but even at the end of a perfusion period, the concentration in the bath was less than 10B4 times that in the perfusion fluid. Moreover, the bath volume was about lo6 times that in the tubule lumen and was changed every lo-20 min. Thus, the assumption that the concentration of urate in the bath is zero during the efflux studies seems reasonable and causes no significant changes in the results.
In addition, we assumed that urate efflux was independent of fluid reabsorption from the tubule. efflux from lumen to bath was observed in the present study and this did vary inversely with flow rate as expected. However, it must be emphasized that the observed urate fluxes from lumen to bath were almost certainly greater than those that actually occurred during the secretion studies. Although the concentration of urate in the perfusion fluid was equivalent to the average concentration in the collections during the secretion studies, it was present throughout the tubule during these efflux studies. More importantly, there was no urate present in the bath during the efflux studies and, thus, the gradient for diffusion was more marked than during the secretion studies.
Since the transepithelial permeability for urate from lumen to bath was calculated using the same luminal membrane area as that used in the calculations of the luminal permeability, the two permeabilities can be compared. The two are of the same order of magnitude, but the transepithelial permeability tends to be greater. The finding of a transepithelial permeability of the same order of magnitude as that of the luminal membrane suggests that the permeability of the peritubular membrane might be of the same order of magnitude as that of the luminal membrane. This would be quite inefficient if urate transported into the cells across the peritubular membrane is to move into the lumen rather than back into the bath. However, it is not necessary that the peritubular membrane be this permeable. It is entirely possible that a major fraction of the passive efflux of urate might occur between the cells rather than through them. In this case, the peritubular membrane could have a very low permeability.
That much of the urate backdiffusion does occur intercellularly is suggested by the fact that the transepithelial permeabilitv tends to b e greater than th e luminal permeability.
Since the permeability of the luminal membrane would be limiting for any urate movement through it, these data suggest that much of the urate diffusing out of the lumen may bypass the luminal membrane by going between cells. The low lipid solubility of urate (15) might also make the intercellular path a likely route for backflux of urate. This intercellular path for urate efflux is suggested by an appropriate arrow and a question mark in the model shown in Fig. 11 . In respect to the significant urate backflux and the possible intercellular pathway for such backflux, this model differs from that described by Tune, Burg, and Patlak (17) 
